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a b s t r a c t
The detection of branched chains in thermally degraded thermoplastic polymers is far from simple, especially at a low conversion ratio, mainly because of the low sensitivity of commonly used laboratory analytical techniques. The objective of this article is to present an approach able to demonstrate the formation of such macromolecular structures during thermal degradation of molten PET at low oxygen partial pressures (typically for pressures lower than 9% of atmospheric pressure). Such ageing conditions are met during PET mechanical recycling by extrusion, and can be simply reproduced by sequential nitrogen/ air tests in a rheometer cavity. The approach consists of a careful analysis of the complex shear modulus changes in a Cole-Cole diagram. Values obtained for Cole-Cole model parameter K 0 indicate clearly an accumulation of branched chains in the melt with the time of residence in the reactor.
Introduction
It is now well recognized that thermal oxidation is the main source of problems during PET mechanical recycling by extrusion. Irreversible macromolecular changes are the result of the competition between chain scission and branching, and eventually crosslinking [1] [2] [3] [4] [5] [6] [7] [8] [9] . In a recent literature compilation on the rheological properties changes of molten PET during its mechanical recycling, it has been shown that the relative predominance of both macromolecular changes depends on the extruder geometry [10] . Indeed, a poorly oxygenated geometry (characterized by small feeder and die sections, and a long screw) would lead to the predominance of chain branching [1, 2] up to the complete polymer gelation (by crosslinking) [2] .
On the contrary, a well oxygenated geometry (characterized by large feeder and die sections, and a short screw) would lead to the predominance of chain scission and an important reduction in molar mass with the number of extrusion cycles [3] [4] [5] [6] [7] [8] [9] . Thus, the rheological behavior of molten PET would be highly oxygen partial pressure dependent. The critical oxygen partial pressure, for which chain scission equilibrates with chain branching, has been estimated at around 9% of the atmospheric pressure [10] .
In order to attempt to elucidate such a complex degradation phenomenon, the extruder reactor has been represented, in a first approach, by a relatively simple form in which the molten polymer is confined within the pressurized zone (i.e. middle part of the extruder) and is only in contact with air, at atmospheric pressure, at both extremities (at the feeder and die) of the extruder. Thus, according to this simplified scheme, chain scission and branching would occur successively during an extrusion operation, since each one is largely favored in a distinct zone of the reactor. Such a succession of macromolecular changes has been successfully reproduced in the carefully controlled environment (in temperature, oxygenation and shearing) of a rheometer cavity [10] . Indeed, sequential nitrogen/air tests have clearly shown a dramatic decrease in the Newtonian viscosity in ambient air followed by a slowdown, stabilization and, finally, an increase in the Newtonian viscosity when air is substituted by nitrogen in the rheometer cavity.
A general kinetic model has been built for molten PET thermal oxidation to predict these Newtonian viscosity changes [10] . Although satisfactory agreement has been obtained between theory and experiment, the formation of branched chains could be considered as speculative. Unfortunately, common laboratory analytical techniques (e.g. IR spectrometry, solid state 13 C NMR, etc.) are not sufficiently sensitive to detect the presence of such macromolecular structures, especially at a low conversion ratio of the oxidation process.
Many researches have been conducted on different types of polymers, including polyesters [11, 12] , polyolefins [13] and or polymer blends [12, [14] [15] [16] , using different rheological methods in the molten state. They generally observe the influence of branched polymers on the complex modulus. Some of these papers show the dependency of storage modulus, loss modulus and phase angle on the polymer molecular structure, generally the polydispersity and branching. These parameters are quite sensitive to the evolution of polymer macromolecules even at low ratio. Two main representations are used: Van Gurp-Palmen plots [17] and the plots of logarithm of storage modulus vs logarithm of loss modulus proposed by Han and Kim [18] .
These models are commonly used to characterize the amount of branched long-chains or the changes in polymer morphology, but it is often difficult to dissociate even qualitatively the effects of polydispersity and branching on the polymer rheological behavior. It is thus necessary to use a complementary method (for instance steric exclusion chromatography (SEC)) to determine independently the polydispersity. As a result, it would be difficult to envisage using such methods for studying PET degradation.
We turned towards an alternative rheological method expected to be considerably more sensitive in order to detect and quantify the presence of branched macromolecules even at a low conversion ratio of the degradation process. It consists of a careful analysis of the changes in the complex modulus of molten PET in a Cole-Cole diagram. Indeed, considering that the relationships, established in previous papers [19, 20] , between polymer structure and Cole-Cole model parameters remain valid for thermally degraded polymers, it then becomes possible to elucidate the corresponding structural changes from Cole-Cole model parameters changes. The objective of the present article is to check the validity of this approach in the case of PET mechanical recycling by extrusion.
Theory: presentation of the Cole-Cole model
Several models have been proposed in the literature in order to quantify the molecular mobility in the amorphous phase of semi-crystalline polymers and composite matrices. Among them, the biparabolic model developed by Perez et al. [20, 21] gives an expression of the complex shear modulus G* as a function of several parameters having a physical meaning:
where u is the pulsation, G C and G I are respectively the relaxed and unrelaxed modulus and s mr is the time for molecular relaxation. Cole-Cole model parameters K, K 0 and Q are obtained by plotting G 00 versus G 0 , as illustrated in Fig. 1 .
All these parameters are very interesting to study because they are related to polymer structure. The parameter K 0 (0 < K 0 < 1) corresponds to correlation effects at the defects (structural) level such as entanglements or nodes. Its value decreases when the defect densityi.e. the chemical and/or physical crosslinking density, the filler fraction, the impurity concentration, etc.increases.
According to Cavaille et al. [22] this parameter governs the height and width of the relaxation peak when plotting tana ¼ f(u). It means that (tana) max is higher when K 0 is close to unity and decreases when K 0 decreases. As an example, K 0 will be lower than 0.7 for crosslinked resins (effect of nodes) and will be close to unity for amorphous (or melt) thermoplastic polymers.
The parameter K (0 < K < K 0 < 1) corresponds to correlation effects at the monomer scale. It governs the high frequency of the curve as presented in Fig. 1 .
The amplitude Q is related to the defect concentration with a higher amplitude for lower defect concentrations.
Materials & techniques

Materials
A post-consumer PET (called RE0) obtained by grinding, washing and milling different French trademarked bottles has been used for this study. This material is characterized by: a crystallinity ratio X C z 33% (heating rate ¼ 10 C/min), a melting point T m z 250 C, a weight average molar mass M W z 63 kg mol À1 and an intrinsic viscosity VI z 0.70 dL/g (solvent : o-chlorophenol). 
Melt processing
Before any processing operation, as received RE0 flakes were dried 15 h at 120 C in an oven under primary vacuum in order to reduce moisture content down to less than 100 ppm and, therefore, prevent any hydrolytic degradation of molten PET during processing. Then, extrusion was performed with a single screw extruder (Compact type from Fairex) with the following geometry: -Feeder area: S 0 ¼ 3800 mm 2 ; -Die area: S L ¼ 80 mm 2 ; -Extruder length: L ¼ 88 cm.
It is a well oxygenated extruder geometry leading to a predominance of chains scission over chain branching [10] .
Extrusion was performed at 260 C in ambient air with an average speed of 80 rpm. The average residence time was approximately 50 s. Successive extrusions were performed in the same conditions. Reprocessed samples will be called REn, n being the number of extrusion cycles (0 n 6).
Sequential nitrogen/air experiments
After each extrusion, REn films were dried according to the previous procedure and the dynamic flow properties of the molten polymer were determined at 280 C in nitrogen with a Rheometrics ARES rheometer using a coaxial parallel plate geometry (diameter ¼ 50 mm, gap ¼ 1 mm). Sweep angular frequency experiments were then performed at an angular frequency interval of 100-0.1 rad$s À1 with a strain amplitude of 20% (see Fig. 2) .
These experiments show that REn behavior is Newtonian in the low frequency range, typically for u 10 rad$s À1 . For this reason, sequential nitrogen/air experiments were performed with an angular frequency of 10 rad$s À1 . During these experiments, the molten polymer was first exposed at 280 C in nitrogen until the Newtonian viscosity reached an asymptotic value. At this time, the atmosphere was switched to ambient air over a period of two minutes.
This atmospheric sequence was repeated three times in order to reproduce and accumulate the irreversible structural changes occurring in the extruder, from the feeder to the die, as described in a previous article [10] .
Results & discussion
Analysis of macromolecular changes in the rheometer cavity
Results of sequential nitrogen/air experiments on REn samples are reported in Fig. 3 .
All curves present the same general shape. RE1 changes versus atmospheric conditions and exposure time has been detailed in a previous article [10] .
-In the first stage, the slight decrease in Newtonian viscosity has been attributed to the thermal degradation of structural irregularities. -The second stage may correspond to a dramatic decrease in molar mass due to the fact that chain scission predominates largely over chain branching or crosslinking. -Then, (third stage) the substitution of ambient air by nitrogen in the rheometer cavity leads to a sudden and fast slowdown of the Newtonian viscosity until a critical value of 9% of oxygen [10] , at which chain branching equilibrates with chain scission. Below this critical value, chain branching predominates over chain scission and viscosity increased again until all oxygen is consumed by the chemical reaction in the rheometer cavity.
The differences between all these curves concern the initial Newtonian viscosity and amplitude of Newtonian viscosity changes. Fig. 4 presents the relative variation of viscosity with the number of extrusion cycles at the second and third stages (viscosity compared to the first stage). It is clearly demonstrated on this graph that, for the third stage, the relative viscosity increases with the number of extrusion cycles, especially for the sixth extrusion. This could be due to the high amount of short molecular chains which contribute highly to the polymer branching under nitrogen atmosphere. Concerning the evolution of relative viscosity at the second stage, the more degraded sample shows the lowest loss of viscosity, probably because of the average chain lengths: chain-cleavage leads statistically to a more important loss of relative viscosity if the initial average molecular weight is high. Thus, the impact of oxidation on REn samples would depend also on initial conversion ratio. The higher the amount of low molecular chains, the higher is the relative increase of viscosity by branching.
In conclusion, these curves confirm the high influence of oxygen partial pressure and initial conversion ratio on REn rheological behaviour.
Influence of the PET recycling steps on Cole-Cole model parameters
In the molten state, it is not possible to plot the entire Cole-Cole diagram because the frequency range under study is restricted to 100-0.1 rad$s À1 . Nevertheless, it remains possible to evaluate parameter K 0 , which is a very interesting quantity because it is related to the molecular mobility and structural changes occurring during the extrusion cycles, or their simulation by sequential nitrogen/ air experiments in a rheometer cavity.
The changes in parameter K 0 with the number of extrusion cycles (RE0 to RE6) and the number of nitrogen/ air sequences in the rheometer cavity (especially first and third stages of the nitrogen/air sequences described before) are presented in Figs. 5 and 6 respectively.
K 0 values for the first and third stages are reported in Table 1 :
Results suggest that structural changes induced by the extrusion cycles and nitrogen/air sequences are not identical. Indeed it can be observed that the parameter K 0 remains constant during the first stage, confirming that chain scission is largely predominant over chain branching during the extrusion cycles. On the contrary, in the third stage, the parameter K 0 is a decreasing function of the number of extrusion cycles, confirming an accumulation of branched chains in the molten PET during the sequential nitrogen/air experiment. This may indicate that the influence of branching on the molecular mobility is greater when chain length is short. In our case, K 0 values remain located in the [0.6-0.8] interval which corresponds to the rheological behavior of a branched polymer [22] .
The decrease of amplitude Q (see Figs. 5 and 6) in the Cole-Cole diagrams is generally attributed to a decrease in average molecular weight. In this case, it confirms degradation of the molten polymer in air (second stage of sequential test described in part 4.1).
Conclusions
The Cole-Cole model seems to be an interesting tool to detect the presence of branched chains in molten polymers at a low conversion ratio, a domain that is, in general, inaccessible for commonly used analytical laboratory techniques. A carefully carried out analysis of the complex shear modulus during PET mechanical recycling by extrusion, and sequential nitrogen/air tests in a rheometer cavity has given access to two totally different variations of a specific parameter designated as K 0 measured from the Cole-Cole slope at high temperature-low frequency. This parameter gives evidence of the relative predominance of chain scission and branching. When chain scission predominates largely over chain branching, K 0 remains constant, with a value close to unity. On the contrary, when chain branching is no longer negligible, K 0 is a decreasing function of time of residence in the reactor, with values located in the [0.6-0.8] interval. It will be very useful to examine the validity of this approach on virgin polymers containing different concentrations of well-known branched macromolecular structures. Such polymers could be readily synthesised.
